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ABSTRACT 

We study a class of superstring models compactified in the 3-generation 
Calabi-Yau manifold of Tian and Yau. Our analysis includes the complete 
-Eg-singlet sector, which has been recently evaluated using techniques of spec- 
tral and exact sequences. We use the discrete symmetries of the models to 
find flat directions of symmetry breaking that leave unbroken a low energy 
matter parity and make all leptoquarks heavy while preserving light Higgs 
fields. Then we classify the patterns of ordinary quark mass matrices and 
show that (without invoking effects due to nonrenormalizable terms) only 
one structure can accommodate the observed value of fermion masses and 
mixing angles, with preference for a heavy top quark ( m t > 170 GeV for 
Vis < 0.013 ). The model, which unifies perturbatively and predicts a realis- 
tic structure of quark mass matrices with texture zeroes, is one of the many 
possible string vacua. However, in contrast with what is often assumed in 
the search for realistic unified scenarios, it is highly nonminimal near the 
unification scale and the predicted mass matrices have no simple symmetry 
properties. 



I. INTRODUCTION 

From the appearance of grand unified theories, the idea of unification of gauge 
couplings and the possibility of understanding the assignment of standard quantum 
numbers, the replication of families, and the pattern of fermion masses and mixing 
angles have been generic requirements in the search for a fundamental theory at 
very large energy scales [1] . The stability of the different mass scales involved (the 
electroweak and the unification scales) seems to demand a supersymmetric model. 
In addition, the proximity of the unification and the Planck scales points to the 
necessity of including gravity. String theory [2] has the potential of realizing all 
these ideas consistently. Hence, a program for obtaining the standard model from 
the string was proposed [3]. However, it is not known how to derive the physical 
vacuum from the string. Alternatively, one can scan compactified string models 
requiring consistency with the observed phenomenology. Possible candidates are 
the models resulting from the ten dimensional Eg x E 8 heterotic superstring com- 
pactified on the 3-generation Calabi-Yau manifold of Tian and Yau [4]. In this 
paper we analyze the class of Tian- Yau models with a gauge symmetry 

G = SU(3) C x SU(3) L x SU(3) R c E 6 (1) 

and a group of discrete symmetries of order 72 [5] (see Section 1.1). We use the 
available techniques to study this class of models quantitatively in some detail 
and, as a result, we single out only one realistic case. Our approach goes up- 
down from the compactification to the electroweak scale. It is remarkable that, 
in contrast with the phenomenological approach going down-up, the model found 
is highly nonminimal near the unification scale. Hence, this is an example of a 
consistent model derived from the string which does not share the simplicity and 
predictivity of the minimal supersymmetric grand unified scenarios [6,7]. The 
perturbative unification takes place with a nonminimal matter content and after 
several intermediate scales of symmetry breaking. Moreover, the fermion mass 
matrices, although with a perturbative structure and texture zeroes, are not simple 
(symmetric). 
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The phenomeno logical aspects of this class of models have been discussed pre- 
viously, and the possibility of obtaining an almost minimal supersymmetric stan- 
dard model at low energy and a realistic pattern of fermion masses and mixings 
emphasized [5,8]. This analysis made use of unknown soft super symmetry break- 
ing terms, nonrenormalizable terms, and i?6-singlet fields. Recently the ^-singlet 
sector has been calculated using cohomology techniques of spectral sequences [9]. 
Here we reanalyse the low energy predictions of these models when the complete 
singlet and nonsinglet spectra and their renormalizable couplings at the compact- 
ification scale are included. We will assume that supersymmetry breaking [10] 
occurs and generates the required soft breaking terms. Nonrenormalizable terms 
[11] have not been worked out. We assume that they are largely suppressed and, 
in consequence, do not spoil the flatness conditions and introduce at most order 
1 TeV mass contributions for the different fields. We search for realistic models 
requiring that the intermediate scales of symmetry breaking (see next section) 

(%) preserve a low-energy matter parity, 

(%%) give heavy masses to all the lepto quarks, 

(Hi) keep the standard Higgs fields light, and 

(iv) take place along flat directions of the potential. 

Then we work out the low-energy spectrum and the ordinary fermion mass matrix 
predictions. We come out with 4 types of structures, but only one can accommo- 
date the observed quark masses and the Cabibbo-Kobayashi-Maskawa matrix Vij . 
Ramond, Roberts, and Ross (RRR) [7] have stitched the Yukawa quilt classifying 
the possible patterns of symmetric (or hermitian) quark mass matrices with tex- 
ture zeroes. These matrices incorporate the perturbative structure observed in the 
quark sector: a heavy third family and the rest of masses expressed as an expans- 
sion in powers of V\2- As they point out, these matrices are a natural expectation 
in compactified string theory with broken discrete symmetries. The four types ( A, 
B, C, D) of patterns that we find are explicit realizations of their mechanism. We 
do not find, however, any of the RRR textures. Our matrices are not necessarily 
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symmetric and contain less texture zeroes. 

In what follows we present the class of models, the two Z N matter parities, 
1-2,3, which can be defined in this class, and illustrate the type of perturbative 
structures and texture zeroes which give nontrivial constraints on fermion masses 
and mixing angles. In Section II (III) we analyse the models with i^i^) matter 
parity. We argue that only the model with mass matrices of type D is phenomeno- 
logically viable and discuss the flatness conditions for this model is some detail. 
Section IV is devoted to conclusions. 

1.1. THE CLASS OF MODELS 

The Tian-Yau manifold under study [5,8,9] is constructed as the quotient 
manifold R/G, where R is the space of solutions in CP 3 x CP 3 to 



and G is the freely-acting Z% discrete group 

g : (x 1 , x 2 , x 3 , x 4 ; y 1 , y 2 , y 3 , y 4 ) -> (x 1 , a 2 x 2 7 ax 3 , ax 4 ; y 1 , ay 2 , a 2 y 3 , a 2 y 4 ) . (3) 

This manifold defines a variety of unified models of electroweak and strong inter- 
actions with 3 chiral generations. Our choice of the complex structure (which is 
given in Eq. (2) in terms of the arbitrary parameter c) implies an order 72 group of 
discrete symmetries [5,8]. The nonsinglet matter content at the compactification 
scale M c consists of nine families of leptons A, six of A, seven of quarks q and 
antiquarks Q, and four of q and Q, where 



4 4 



f(x) = 5>*) 3 = ; g(y) = £(y*) 3 = ; 



(2) 




h(x, y) = x 1 y 1 + x 2 y 2 + c ( x 3 y 3 + x 4 y 4 ) = , 



27 



(1,3,3) = A + (3,3,l) = g + (3,1,3) =Q 



(4) 



and the assignment of standard quantum numbers is 
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The transformation properties of these fields under the group of discrete symme- 
tries are listed in Table I. 

The i?6-singlet sector of the Tian-Yau construction has been recently calcu- 
lated by Hubsch and collaborators using the cohomology techniques of exact and 
spectral sequences [9]. These methods generalize previous results obtained via 
polinomial deformations, providing a parametrization of all the 27, 27, and 1 
fields and a framework to analyze their couplings. The models with the complex 
structure that we have chosen contain 20 singlets (this number jumps for special 
choices of the manifold, like in the R-symmetric case considered in Ref.[9]). Their 
tensor representatives and transformation properties are listed in Table II (the 
fields in Tables I, II correspond to B eigenstates; we can also choose a basis of C 
eigenstates, as in Table III). The masses that these fields receive through instan- 
ton corrections [11] may be consistently small, and, at any rate, their 1 27 27 
couplings with the nonsinglet sector make them an essential part of the model at 
M c . We should remark that among the singlets calculated in Ref. [9] there is not 
a subset with transformation properties identical to those of A and A fields. (In 
the past it was usually assumed, based on theorems on the dimension of various 
cohomology groups on the manifold, a one to one correspondence between 27's 
and some Eq singlets.) 

Once the supersymmetry breaking terms are included, the effective theory is 
specified if we know the dominant terms in the superpotential. The trilinear terms 
must be invariant under the discrete symmetries of the model, and at first order 
in a perturbation theory can be calculated in terms of the parameter c specifying 
the complex structure of the manifold [8,9], up to normalization factors of the 
fields. We write in Tables IV and V all the nonzero trilinears of type A 3 , XqQ and 
sAA, s 3 , respectively. These are the relevant terms in the discussion of fermion 
masses and flat directions. Due to our lack of knowledge of the field normalization 
factors, the explicit expression of all the coefficients is not necessary. The sym- 
metries of the manifold also restrict the possible nonrenormalizable terms, which 
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appear nonperturbatively after integrating out the massive string and Kaluza- 
Klein modes. In the present work we will use large singlet VEVs to make massive 
many of the vector like families that appear at M c . This enables us to consistently 
neglect all nonrenormalizable terms. (The suppression could be justified by their 
nonperturbative origin.) The motivation to do this is phenomeno logical, since it 
has been shown that nonrenormalizable terms tend to give too large masses to 
the standard Higgses [12] and to spoil the flatness conditions [13]. Both problems 
could be avoided by the action of an exact discrete symmetry [13,14], but in these 
models unbroken symmetries imply the presence of extra light fields giving an 
unacceptable value for the proton lifetime and/or low energy gauge couplings [15]. 

The rank-6 models under discussion require two large intermediate scales of 
gauge symmetry breaking defined by VEVs along N and v c (plus identical N 
and V c VEVs) in two different A + A multiplets. The first scale leaves a sym- 
metry SU(3)c x SU(2) L x SU(2) R x U{1) B -l, which is subsequently broken to 
the standard SU(3)c x SU(2) L x U(l)y gauge group. Below the intermediate 
scales the exotic flavors in the three chiral 27s of E 6 (two down type quarks, two 
neutrinos, and two lepton/Higgs doublets, see Eq.(3)) will combine into nonchiral 
representations of the standard model gauge group and will become very massive. 



1.2. MATTER PARITY MODELS 



To guarantee the absence of the lowest dimension baryon and lepton number 
violating operators and then of a fast proton decay, an effective matter parity must 
be at work. It has been shown that only two Zjv matter parities can be imple- 
mented in the class of models under study [16]. They correspond to P 2 = Cg 2 , 
generating a Z 2 discrete group, and P3 = Bg%, which defines a Z3 symmetry (see 
Table I for the definition of B and C). The action of the gauge discrete symme- 
tries (72,3 on the 27 representation of E 6 and the transformation properties of the 
standard matter fields under P 2 ,3 are listed in Tables VI and VII, respectively. 
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Both of these matter parities forbid in the low energy superpotential the terms 

Ih, //e c , qld c , u c d c d c (6) 

(/, h, and q stand for lepton, Higgs and quark doublets) while allowing for the 
standard Yukawa terms. As 1-2,3 are low energy symmetries, the VEVs breaking 
the gauge group G down to SU (3)c x SU (2) l x U(1)y at large intermediate scales 
must lie along matter parity neutral directions. This implies that the E 6 singlets 
s and the SU(5) singlets v c and N acquiring VEVs must live in the subspaces 
generated by the families in Table VIII. 

1.3. PATTERNS OF FERMION MASSES WITH TEXTURE ZEROES 

The intermediate scales will break the discrete symmetries of the model except 
for a low energy matter parity. Broken discrete symmetries, however, may define 
texture zeroes in the fermion mass matrices [7]. Moreover, the existence of different 
scales of symmetry breaking may generate the observed hierarchy of masses and 
mixing angles. To illustrate this, consider a Zn x Z 2 symmetry acting on three 
chiral families of fermions fi as 

(A, /2, /3) -> (a _2 /i, a/2, /3) , 

(7) 

(/l) fli /3) — >■ (/l) /I) /I) > 

(a^ = 1, with N 7^ 2,3,4,6) with analogous transformation properties for the 
antifermions ff. Now suppose that the discrete symmetry is broken in the Higgs 
sector, in such a way that the Higgs h = K±hi + + ^3^3 contains components 
in three families which transform under Z/v 

(/*!, h 2 , h 3 ) -> (/ii, a" 2 /i 2 , a/^3) , (8) 

and are neutral respect to the Z 2 symmetry. When h developes a VEV, the 
structure of the corresponding fermion mass matrix will be 

fi 



ft 



( . C .\ 

C B ■ 

\- ■ A) 
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(9) 



where A, B, and C are proportional to k±, K2, and K3, respectively. Moreover, 
since the components Ki may be proportional to ratios between intermediate scales 
(and/or M c ), the hierarchy of these coefficients could explain the observed pattern 
of fermion masses and mixings. The texture above, for instance, in the down 
quark mass matrix, could fit m&, m s , ma and predict (for a diagonal up-charm 
submatrix) V12 ~ \J^r ~ 0-22. Analogous mass matrix structures are found in 
the class of models under study. 

II. MODELS WITH P 3 MATTER PARITY 

In this section we classify the models with P3 matter parity. We find that 
only three patterns of quark mass matrices are consistent with the conditions (i- 
iv) discussed in section I. None of them, however, can accommodate the observed 
values of quark masses and mixings. 

To preserve P3 (condition (ij) the fields developing large VEVs must be com- 
binations of the fields in Table VIII. The 4 vector like families of quarks (u d) + (u d) 
and u c + u c will get masses (condition (ii)) via renormalizable interactions only 
if one of the singlets S2, sq, S14 and another of S4, s$, s\q acquire VEVs. To avoid 
fast proton decay it is also necessary that the down type quarks d' in ^3, q<s and q? 
become very massive. This only happens if A in A2, A4 or A5 aquire VEVs ((A) 
in A 6 and A7 leave d' in q 3 massless). A remarkable fact in P 3 models is that the 
matter parity imposes the three chiral families of (u d) and u c to be in 53, q§, qi 
and Qs : Q5, Q7, respectively. This implies that below the intermediate scales the 
symmetries A, D x V^, and P x Vd in Table I remain unbroken in the up quark 
sector and may generate matrix textures a la Ramond- Roberts- Ross, as explained 
in the Introduction. These structures would be approximate in the down sector. 

According to the P 3 assignments (note that the matter parity is an extra 
quantum number that distinguishes lepton from Higgs doublets) the standard 
model Higgses h, h! result from the diagonalization of the 9x9 matrix with h 
in A2, A4, A5, A6, A7; h' in Ai, A2; and I in A5, \§ (rows), and h! in A2, A4, A5, 
A6, A7; h in Ai, A2; and / in Ai, Xs (columns). For (N) in A2 and (u c ) in A3 
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or A 9 we obtain a light Higgs pair (i.e., a rank 8 Higgs mass matrix) for singlet 
VEVs in S2, S4 or s 2 , s 8 (condition (Hi)). In these cases the light Higgs h lies in 
A6 (without mixing with other families) and would predict patterns of up quark 
mass matrices antisymmetric (type A) to be discussed below. For singlet VEVs 
in S2, ss; S4, sq; or sq, ss there are two light Higgses after the intermediate scales 
(one of them along A 6 ). These cases, however, are not consistent with the required 
flatness in the scalar potential (condition (iv)). For singlet VEVs in s 2 , s 8 , for 
instance, it is impossible to adjust to zero simultaneously the N and v c D-terms 
and the F-terms F Ni , F v ^ F S2 , F S4 , F S6 , F Sl4 , and F Sl6 . The cases with (N) along 
A4 are analogous. 

For (N) in A5 and (u c ) in A3 we obtain light Higgses h, h' for singlet VEVs 
in S2, S4; or S2, sg. The second case, however, does not take place along a flat 
direction and is excluded. The first case does define a flat direction, and gives the 
pattern of quark masses and mixings of type B (see below) . Finally, there are the 
models with (N) in A 5 and (u c ) in A 9 . The case with singlet VEVs along s 4 , s 6 
does not lie along a flat direction, while the model with VEVs along s 2 , S4 gives 
the pattern of type C discussed below. 

2.1. QUARK MASS MATRICES IN P 3 MATTER PARITY MODELS 

• Type A: In this case the up quark mass matrices are generically antisymmetric 
as a consequence of an exact symmetry. The (u d) a M a b(u d)b and u c a M a bU^ mass 
matrices defining the three chiral families are identical, and then the states which 
correspond to the standard (u d) and u c quarks lie in the same directions in flavor 
space. Therefore, as under P x Vj, the Higgs h(e A 6 ) is odd whereas u(E q) and 
it c (e Q) transform into each other (see Table I), all contributions to the up quark 
mass matrices are antisymmetric. This implies rat = rn c and m u = 0, making all 
these cases unrealistic. 

9 



• Type B: The quark mass matrices in this case are 



Ui 



di 





( . 


B B'\ 




(d 


■ E \ 




B 


A' ■ 




F 


■ G 




\B> 


■ 




v • 


c ) 



(10) 



with A/ A' = B/B'. This structure can be disregarded only after a detailed anal- 
ysis. It is possible to fit the six quark masses, with a heavy top quark, but the 
predicted mixings of the third family are far too small. In particular, we obtain 
V23 < m^/m| ~ 10 -4 , while experimentally this mixing is two orders of magnitude 
larger (V23 ~ 0.042±0.12 [17]). The relatively large entries with a nonperturbative 
origin required to cure this problem would be in contradiction with our assump- 
tions (see a more detailed discussion below). 

• Type C: This is the most interesting P 3 case. The quark mass matrices read 

di 



( 



A 



Ui 

■ B B 
B A' 
\B> ■ 4 J 



( 



d c 



C 



\ 

D E 
F G J 



(11) 



with Aj A' = B/B' but otherwise arbitrary complex entries (since they depend on 
unknown normalization factors of the fields). The zeroes in these matrices are a 
remnant of the discrete symmetry A in Table I. For example, for the up quarks 
we have: 

(u s , u 5 , u 7 ) -> (u 3 , au 5 , au-j) , (12) 
and for the Higgs (h = Kih 2 + K2I14): 



(h 2: /14) — > (a 2 /i 2 , olHa) 



(13) 



The up quark matrix is symmetric due to the P x Vd symmetry, whereas the 
relation between the coefficients follows from the D symmetry: 



(u 3 , it 5 , u 7 , h 2 , h 4 ) -> (u§, u$, U5, h 4 , h 2 ) 
10 



(14) 



Although these structures are sensitive to top radiative corrections, to decide on 

the main features of these matrices the following approximate analysis will show 

up good enough. To avoid degeneracy on quark masses, A m nit and A' m m c 

(A' rat and A rs m c give equivalent results). On the other hand, since the first 

column of the down quark matrix does not mix with the other two, B in the up 

quark matrix is fixed by the Cabbibo angle Vi 2 ): B A'Vi2 ~ rn c Vi 2: implying 
2 

B' ~ ^ SL . In the down quark matrix C ~ and the other nonzero entries give 
m s , nib, and V23. The mixing V23 comes mainly from the down sector because 
B' ~ 0, which also implies V13 ~ Vi 2 V 2 3 and m u rs m c Vi 2 . The last relation gives 
a too high estimate of m u rs 40 MeV. 

The value of m u that we obtain seems the only bad prediction of type C matri- 
ces, and we wonder if contributions from nonrenormalizable terms could change it. 
In order to fulfill conditions (Hi) and (iv), throughout the paper we have assumed 
a generic suppression by 13 orders of magnitude for these terms and based our 
analysis on trilinear (renormalizable) couplings. To predict an acceptable value of 
m u higher order contributions should introduce a direct up mass term or a mix- 
ing term between the first and second down quark families. These contributions 
would be of order Vi 2 m c /nit ~ 10~ 5 times the Yukawa contribution correspond- 
ing to the top quark mass, which seems to be much higher than the suppression 
required by conditions (iii,iv). Similar but even more severe comments apply to 
pattern B above. There the bad prediction is V23 < 10 -4 , and to fix it one should 
rely on nonrenormalizable contributions with a suppression of order 10 -2 relative 
to trilinear entries and still keep the Higgs fields light and the flatness conditions. 

III. MODELS WITH P 2 MATTER PARITY 

An analogous exploration can be done for models with the Z 2 matter parity 
P 2 . It is convenient to write the superpotential in terms of C eigenstates (see 
Table III), which we denote with primes. In P 2 models the Higgs h, b! result from 
the diagonalization of a 11 x 11 mass matrix where the rows correspond to h in 
X[, A 3 , A5, A 6 , A 8 ; h! in A l7 A 2 ; and I in A 3 , A 4 , A 5 , A 6 , and the columns to b! in 
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X[, A3, A5, Ag, A 8 ; h in X 1 , A 2 , and / in X' 2 , A4, Ay, X' g . In P 2 models the three 
chiral families of quarks will be combinations of the families q[, q' 2 , q' 3 , q'^, and q' 6 , 
with all discrete symmetries (except for P 2 ) broken in the quark sector. Then, it 
is not obvious, but there are restricted patterns of quark mass matrices in these 
models. 

For singlet VEVs along s[, s 3 , s' 13 , s' 15 we obtain models which satisfy simul- 
taneously the flatness conditions while making all vectorlike quarks heavy. In 
all these models (for any choice of N and v c VEVs), however, the Higgs h which 
couples to up quarks lies in A 6 and/or in pure A fields. The first case gives antisym- 
metric matrices (pattern type A discussed above) , and the second has no Yukawa 
couplings and implies massless up quarks. Any other combination of VEVs, except 
for two equivalent choices, do not satisfy conditions (ii) and (iv) simultaneously. 
The only interesting case is obtained when the singlet VEV has components along 
s[, s' 7 , s' 13 , whereas (N) is along X[, (N) along a' 12 , (v c ) along X' 7 and (z7 c ) along 
A 3 4 . (The equivalent choice is obtained by a D x V d transformation.) 

Let us concentrate on this case. From now on we drop the primes for specifying 
C eigenstates. 

3.1. FLATNESS CONDITIONS 

For the vacuum under consideration D-flatness implies 

K> = (^3 + ^4) , 

_ _ (15) 
(Ni) = (N 1 +N 2 ) , 

while F-flatness imposes 

(F v c) = (c 3 s 7 V c 3 + c 4 s 7 V c 4 ) = , 

(F Na ) = (ci s l N 1 + c 2 s{N 2 + c 9 s 13 N± + cio 513^2) = , 

(F S3 ) = (ci N 1 N 1 - c 2 iVxiV 2 + d 7 s 2 7 ) = , 

_ _ (16) 

(F S15 ) = (eg A^iA^i - cio ^1^2 + d s s 2 7 ) = , 

(F S1 ) = (3d! si + 2d 2 sis 13 + d 4 s 2 13 ) = , 

(F 813 ) = (d 2 s 2 + 3d 3 s 2 13 + 2d A s lSl3 ) = . 
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(The Yukawa couplings involving the gauge singlets were defined in Table V.) The 
rest of F-terms are trivially zero. The 8 equations have to be solved adjusting 9 
VEVs. The 2 equations for (tf), (Fg) and (F4) decouple from the rest, defining 
a flat direction. The 4 homogeneous equations involving (Ni,N lj2 ) and (s 7 ) can 
be solved as a function of (^ 3 -) and c but after modifying (F S3 ) and/or (F 8lB ), for 
otherwise the corresponding equations are incompatible. This is so because (we 
follow the procedure of Ref. [9] to calculate the Yukawa couplings) 

? = 7 £ = \/|. < 17 > 

ci c 9 V 2 

whereas d-j and d 8 have a different c dependence. The simplest solution is to 
assume a large singlet mass term M si, 1353,15 , with M « M c if the VEVs have 
to be of the correct size. Although nonrenormalizable terms and singlet masses 
have both nonperturbative origin, due to the exponential behaviour of the scales 
generated nonperturbatively [11] nothing prevents a very different suppression for 
those two types of terms (as required here). Finally, (F Sl 13 ) = fix (^f) and c 
because they are homogeneous and compatible only for a definite choice of Yukawa 
couplings, and then of c. The prove that the preferred vacuum alignment is the 
one just discussed also requires to know the soft scalar masses that trigger the 
VEVs. 

3.2. QUARK MASS MATRICES IN THE P 2 MATTER PARITY MODEL 

Once fixed the pattern of symmetry breaking, we can study the spectrum 
of fields that remain light and, in particular, identify the three chiral families of 
quarks and leptons. In Figs. 1-2 we give the resulting mass matrices for lepton 
doublets (la), charged lepton singlets (16), Higgs doublets (lc), down-quark sin- 
glets (2a), and up-quark singlets and quark doublets which coincide (26). We use 
(JVi) ~ (N lj2 ) ~ x, (z/f) ~ (F§ >4 ) ~ y, (si 3 + si 4 ) ~ r, (s 7 ) ~ s to specify the 
order of magnitude of the entries. A dot stands for a zero due to the P 2 symmetry. 
Blanks may be eventually filled out with nonrenormalizable contributions of order 
1 TeV. Gaugino mass generation has been taken into account introducing one pair 
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of doublets in (2a) and two pairs of singlets in (26). Diagonalizing these matrices 
we find the three chiral families of quarks and leptons: 

u c : u c s , aiu c i + a 2 u c 2 + asu ^ , /3iu c 6 + f3 2 u c 2 + /3su c 4 ; 

d c : d% , 7 id c i + l2 d c 2 + 73rf c 4 + 74d c 6 , 5irf /c 5 + 5 2 d c 2 + o 3 d c 4 + o 4 d c 6 ; (18) 

(l) '■ £ih + £2h' 7 + 63/19 , l§ , Is ; 

e c : e c 5 , e c 6 , e c 8 . (19) 

There are two pairs of Higgs doublets light after the intermediate scales (see 
Fig. lc). These Higgses receive order 1 TeV masses only from nonrenormalizable 
(and soft SUSY breaking) effects. We will assume that these masses mix them and 
that the pair not involved in the electroweak phase transition is massive enough 
(~ 1 TeV) to avoid flavour changing neutral currents via Yukawa interactions. 
Then the Higgs components along 27 families are 

{ h+ ) : Kthe + K 2 fi! ; 

(^'") : K[h' 6 + K' 2 h' 5 + K' 3 h' 8 + K' 4 h' 3 + k' 5 1 7 . (20) 

All nonstandard lepton doublets and quarks get heavy masses at the intermediate 
scales. However, in addition to the extra pair of Higgs doublets, one pair (e c , e c ) 
of charged lepton singlets remains light (see Fig. lb), with masses of order 1 TeV 
given by nonrenormalizable interactions. 

When h and h! develope VEVs (v and v ', respectively) ordinary quarks and 
leptons get masses through the Yukawa couplings in Table IV. To avoid a Higgs 
along Iiq only (k 2 = 0) and then an antisymmetric up quark matrix, s must be of 
the same order as x,y. Now, at zero order in r/s (a 2 = ct3 = 0, (3 2 = (3s = 0, 
li = &i = for i 7^ 1) there are only two entries in the up quark matrix: A ~ rrit 
and B, which would be much smaller than A if Ki k 2 ; and two entries in the 
down quark matrix: A' ~ nib and B' ', verifying B' A' if < 4- At zero order 
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in k' 2 / k' 3 , there are two entries in the charged lepton matrix: A'{ and A 2 , which 
should satisfy A" 2 + A 2 2 ~ m 2 . In consequence, at zero order in r/s, k 2 /ki : and 
k' 2 /k' 3 only the third family is massive. The structure in the fermion matrices will 
appear as a perturbation on these ratios. The complete mass matrices are 
• Type D: 



( 



Ui 

D 



di 



E 

D ■ C+B 
\E C-B A ) 



\ 



\ 



a a' 

D' E' J 



( C n 



B" A 



2 



• D" ■ 
\E" ■ A'[ ) 



(21) 



where A, A', A'{, and A 2 are zero order entries and the rest correspond to higher 
order on the three ratios above. All entries are arbitrary complex coefficients, 
with the zeroes as a remnant of the A x B x P x Va discrete symmetry in Table 
I. (Although A and B denote both discrete symmetries and mass matrix entries, 
no confusion is expected by the use of this notation.) 

All quark masses are taken at 1 GeV. mt, which we will define as ht/v at Mz, 
must be evolved down to 1 GeV. The QCD running coefficient is a factor w 1.8. 
Since A ~ m' t = 1.8 m t and in the down quark matrix the third family does not 
participate of the first column, E « m t Vis and C 2 — B 2 w m c m' t . The masses 
rrid and m s and the mixing V23 fix B\ C, and D': B' m md, C ~ V23"7-6 and 
D' ~ m s ; whereas for the Cabibbo mixing, V12, one has D m m c Vi2- Then m u 
results from the cancellation 



9 

m u ~ m c V 12 — 1.8 mtV ls . 



(22) 



This correlation translates into a preference for a large top quark mass and V13 
mixing. For example, if V13 < 0.013, the top quark mass must be m t > 170 GeV 
(for lower values of V13 it is necessary to include top radiative corrections and a 
more precise diagonalization of the matrices to give an estimate of the correlation). 
The three charged lepton masses can be easily adjusted using the arbitrariness in 
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the third matrix. A detailed numerical analysis of the range of variation of the 
different (physical) parameters will be presented elsewhere. 

3.3. OTHER PHENOMENOLOGICAL IMPLICATIONS OF THE MODEL 

Other aspect of the model are the phenomenological implications of the non- 
standard (e c ,e c ) pair of leptons in the TeV region. They are even under P2, and 
then their only couplings in the superpotential are 

p = a lle c + b h'h'e c + c hhe c + m e c e c . (23) 

For reasonable values of their masses and couplings their presence will not be 
in conflict with any particle physics experiment. However, we note that these 
trilinears explicitly break lepton number and could have relevance in Cosmology 
(baryogenesis) . 

Finally, we consider the perturbative unification of the gauge couplings in the 
model under study. The extra pair of Higgs doublets and charged lepton singlets, 
with masses around 1 TeV, provides an evolution of the running couplings which 
differs from the successful evolution suggested in the minimal supersymmetric 
scenario (ac =«l = «y at Mx ~ 10 16 GeV, see Fig. 3). In this model, however, 
the presence of two intermediate scales and a large number of vectorlike families 
below the compactification scale seems to introduce enough arbitrariness to obtain 
the right value of the electroweak mixing angle. For sin 2 ^ = 0.23 the matter 
content implies that «i = ay at M « 10 15 GeV (see Fig. 3), which sets the second 
intermediate scale (v c ). Above this scale our model has left-right symmetry (i.e., 
oil = olr). The unification of these couplings with ac at M c > 10 16 GeV requires 
the presence of nonstandard quarks below M c . Taking three down quark singlets 
d c + d c with masses around 10 12 GeV or 2 complete families of q + q, Q + Q, 
d! + d' c at 10 15 GeV (the case plotted), and the rest of vector like families with a 
mass M c , we obtain sin 2 ^ = 0.23 and a sensible unification scale M c (see Fig. 3). 

IV. SUMMARY AND CONCLUSIONS 
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We have discussed all the possible patterns of quark mass matrices in the first 
and most extensively studied class of 3-generation Calabi-Yau models. Our analy- 
sis is based on the discrete symmetries of the models, and it includes the complete 
matter content (-EVsinglet and -nonsinglet fields) and their trilinear couplings 
at the compactification scale. To select the realistic cases, we have required an 
unbroken low-energy matter parity (a Z 2 or a Z 3 discrete symmetry), absence 
of light leptoquarks (which would be inconsistent with the proton lifetime and 
perturbative unification), and intermediate scales defining flat directions at the 
renormalizable level. The models with a P3 matter parity left give 3 patterns of 
quark mass matrices; none of them, however, is able to accommodate a realistic 
spectrum of masses and mixing angles. Among the models with a P2 matter parity 
we find only one case (studied in detail in sections 3.1-3.3) which seems free of 
inconsistencies, predicting an acceptable pattern of fermion masses and mixings, 
with preference for a heavy top quark (m t > 170 GeV for V13 < 0.013). 

The model we have singled out can be derived from the string and is realistic. 
However, it can be seen as a counterexample of the present searches for realistic 
low-energy supersymmetric models. These are mainly based on two observations: 
that perturbative unification in the minimal model predicts the electroweak mixing 
angle with great accuracy and that the observed pattern of fermion masses and 
mixing angles can be explained with simple matrix structures (symmetric and 
with texture zeroes). The model found is nonminimal, has abundant extra matter 
near the unification scale, and has two large intermediate scales of symmetry 
breaking. In addition, although the fermion mass matrices have texture zeroes 
and a perturbative structure which is remnant of broken discrete symmetries, 
these are not symmetric nor simple. 
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Table captions 

Table I: Tensor representatives and transformation properties of the nonsinglet 
fields under the generators of the group of discrete symmetries. The transforma- 
tions for the Q and Q multiplets follow from interchanging q <-> Q and q <-> Q. 
(« 3 = 1.) 

Table II: Tensor representatives and transformation properties of the -E 6 -singlet 
fields under the generators of the group of discrete symmetries. 
Table III: C-eigenstates (primed) in terms of B-eigenstates. B and C are defined 
in Tables 1,11. 

Table IV: Trilinear couplings of type A 3 and XqQ allowed by the discrete sym- 
metries of the compactified model. We specify the terms in the B and the C 
bases. 

Table V: Trilinear couplings of type sXX and s 3 (in the C basis) allowed by the 
discrete symmetries. 

Table VI: Transformation properties of the flavors in a 27 irrep of Eq under the 
discrete gauge symmetries gi and (73. (a 3 = 1.) 

Table VII: Transformation properties of the standard quark, lepton, and Higgs 
superfields under the matter parities P2 and P3. 

Table VIII: Neutral flavors under the discrete symmetries P2 and P3. Large 
VEVs along these directions leave unbroken the corresponding low energy matter 
parity. 

Figure captions 

Figure 1: Mass matrices for lepton doublets (a), charged lepton singlets (b), and 
Higgs doublets (c). 

Figure 2: Mass matrices for down quark singlets (a) and quark doublets and up 
quark singlets (b), which coincide. 

Figure 3: Unification of running coupling constants for sin 2 6\y = 0.23 in the 
supersymmetric model with minimal matter content (dashes) and nonminimal 
supersymmetric model with an extra h + h' and e c + e c at 1 TeV (solid). This 
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model implies left-right unification at a scale x « 10 15 GeV. At this scale we add 
two families of q + q, Q + Q, and d' + d' c . 
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